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Abstract
Microalgae exhibit enormous diversity and can potentially contribute to the production of biofuels
and high value compounds. However, for most species, our knowledge of their physiology, metabolism, and gene regulation is fairly limited. In eukaryotes, gene silencing mechanisms play important
roles in both the reversible repression of genes that are required only in certain contexts and the
suppression of genome invaders such at transposons. The recent sequencing of several algal genomes is providing insights into the complexity of these mechanisms in microalgae. Collectively,
glaucophyte, red, and green microalgae contain the machineries involved in repressive histone H3
lysine methylation, DNA cytosine methylation, and RNA interference. However, individual species
often only have subsets of these gene-silencing mechanisms. Moreover, current evidence suggests
that algal silencing systems function in transposon and transgene repression but their role(s) in gene
regulation or other cellular processes remains virtually unexplored, hindering rational genetic engineering efforts.
Keywords: epigenetics, histone post-translational modifications, DNA methylation, RNA interference, miRNAs

1. Introduction
Algae are a diverse group of eukaryotic organisms with important roles in marine, freshwater, and terrestrial ecosystems (Worden and Allen, 2010; Tirichine and Bowler, 2011).
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The great potential of algae as feedstocks for renewable biofuel and biomaterial production
is also gaining recognition (Hu et al., 2008; Radakovits et al., 2010; Gimpel et al., 2013; Leite
et al., 2013). Microalgae are microscopic organisms capable of harnessing sunlight and CO2
to synthesize useful chemical compounds, such as lipids and carbohydrates, which can be
converted into fuels and other bio products. However, production of algae-based fuels is
technically, but not yet economically, feasible (Lee, 2011; Chisti, 2013). The major economic
bottlenecks cited in the literature include microalgae biological productivity, culture systems, crop protection, and harvesting/extraction processes (Hu et al., 2008; Chisti, 2013;
Gimpel et al., 2013; Leite et al., 2013).
For large-scale fuel production reliant on algal photosynthesis key objectives will be
achieving high productivity per unit of area, environmental (biotic and abiotic) stress tolerance, ease of harvesting and extraction, and a biomass profile optimized for biofuel conversion (Griffiths and Harrison, 2009; Radakovits et al., 2010). However, identifying in
nature microalgal strains simultaneously endowed with all these traits has proven difficult
(Hu et al., 2008; Griffiths and Harrison, 2009). Additionally, there has been limited success
in increasing biomass productivity or oil content in algae by the genetic engineering of
individual genes (Radakovits et al., 2010; La Russa et al., 2012; Gimpel et al., 2013), and this
limitation emphasizes the importance of comprehending on a genome scale the metabolic
and regulatory networks involved in these processes. Indeed, a significant barrier to advancement is that our knowledge of gene function and regulation is still fairly incomplete
in most microalgae (Radakovits et al., 2010; Worden and Allen, 2010; Tirichine and Bowler,
2011). In this context, the study of algal gene silencing mechanisms may provide insights
into the control of gene expression as well as facilitate the development of tools for rational
genetic engineering.
The regulation of gene expression in eukaryotes involves complex mechanisms, operating
at the transcriptional and posttranscriptional levels. Chromatin organization modulates
the access of regulatory proteins to DNA and influences multiple aspects of transcription
and other DNA-related processes (Bannister and Kouzarides, 2011; Ohsawa et al., 2013).
Eukaryotic genomes are commonly organized into several types of chromatin, with euchromatin consisting of transcriptionally permissive or active domains and heterochromatin
being characterized by densely packed silent regions (Casas-Mollano et al., 2007; Krauss,
2008; Bannister and Kouzarides, 2011). These functionally and structurally different chromatin states are marked by distinct covalent modifications on the DNA and on specific
amino acid residues of the nucleosomal histones (Casas-Mollano et al., 2007; Bannister and
Kouzarides, 2011; Saze and Kakutani, 2011). For instance, di- or trimethylation of histone
H3 lysine 9 (H3K9) or of histone H3 lysine 27 (H3K27) is often associated with silenced
chromatin (Krauss, 2008; Shaver et al., 2010; Bannister and Kouzarides, 2011; Saze and
Kakutani, 2011; Derkacheva and Hennig, 2014). DNA cytosine methylation also plays a
role in repression and in some organisms there appears to be a complex interplay between
histone tail modifications and DNA methylation in establishing a silent chromatin structure (Law and Jacobsen, 2010; Saze and Kakutani, 2011; Du et al., 2012; Zhong et al., 2014).
RNA-directed mechanisms have also been co-opted by evolution to generate a broad
spectrum of gene regulatory pathways. RNA-mediated silencing is a conserved process in
eukaryotes by which small RNAs (~20–30 nucleotides in length) induce the inactivation of
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cognate sequences through a variety of mechanisms, including translation inhibition, RNA
degradation, and/or transcriptional repression (Cerutti and Casas-Mollano, 2006; Carthew
and Sontheimer, 2009; Meister, 2013). The function of long double-stranded RNAs, as precursors of small RNAs, in triggering gene silencing was initially characterized in Caenorhabditis elegans and termed RNA interference (RNAi) (Fire et al., 1998). Yet, in slightly over
a decade, RNAi has evolved into a fascinating biological phenomenon intersecting with
multiple cellular pathways. Indeed, histone post-translational modifications, DNA cytosine methylation, and RNA-mediated mechanisms impinge on many cellular processes including, besides regulation of gene expression, DNA repair and recombination, chromatin
structure, chromosome condensation/stability, as well as the suppression of viruses and
transposable elements (Cerutti and Casas-Mollano, 2006; Carthew and Sontheimer, 2009;
Cerutti et al., 2011; Ohsawa et al., 2013; Oliver et al., 2014). Moreover, gene silencing mechanisms seem to be important for the integration of environmental and intrinsic stimuli in
the control of gene expression and their disruption leads to physiological and developmental abnormalities (Bannister and Kouzarides, 2011; Ohsawa et al., 2013).
In most algal species, both chromatin-associated and RNA-mediated silencing pathways remain largely uncharacterized, even at the level of identifying crucial gene factors
in the sequenced genomes. This review will examine the existence of key histone lysine
methyltransferases, DNA cytosine methyltransferases, and core components of the RNAmediated silencing machinery in microalgae. However, algae are very diverse phylogenetically (Worden and Allen, 2010; Tirichine and Bowler, 2011) and, to simplify the identification of commonalities, the analysis will be restricted to microalgae in the Archaeplastida
eukaryotic super group, which includes glaucophytes (Glaucophyta), red algae (Rhodophyta), green algae (Chlorophyta), as well as land plants (Streptophyta) (Table 1). We will
also discuss briefly the known or inferred biological role(s) of gene-silencing mechanisms
in these aquatic organisms. It is anticipated that advances in the basic understanding of
gene regulatory mechanisms in microalgae will enable optimization of metabolic pathways of interest through hypothesis-driven genetic engineering strategies.
2. H3K9 and H3K27 methyltransferases in microalgae
2.1. Phylogenetic analysis and domain organization of histone methyltransferases
The methylation of lysine residues in histones, with the exception of H3K79 methylation,
is carried out by enzymes that contain an evolutionary conserved SET domain, named after
three Drosophila genes (Su(var)3-9, Enhancer of zeste, and Trithorax) (Casas-Mollano et al.,
2007; Bannister and Kouzarides, 2011; Huang et al., 2011; Derkacheva and Hennig, 2014).
The SET domain constitutes the catalytic site of these lysine methyltransferases (KMTs),
but flanking sequences, more distant protein domains, and possibly some cofactors are
also important for enzyme activity and specificity (Huang et al., 2011; Krishnan et al., 2011;
Derkacheva and Hennig, 2014). To begin characterizing the occurrence and the role(s) of
H3K9 and/or H3K27 methyltransferases in microalgae, we surveyed 14 complete or nearcomplete algal genomes in the Archaeplastida super group for the presence of SETdomain
polypeptides (Table 1).
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Table 1. Distribution of core gene silencing components in Archaeplastida microalgae
Genome
size (Mb)

AGOPiwi

Dicer

RDR

Species

Histone H3
methyltransferases

DNA methyltransferases
Dnmt1

CMT

Othersa

Dnmt3

KMT1

Referencesb

KMT6

Glaucophyta
Cyanophora paradoxa

70.0

0c

0

1

0

0

1

0

0

0

9

Rhodophyta
Galdieria sulphuraria

13.7

0

0

0

0

0

0

1

0

1

11

Cyanidioschyzon merolae

16.5

0

0

0

0

0

0

1

0

1

5

Porphyridium purpureum

19.7

3

1

3

0

0

0

0

0

0

1

Ostreococcus tauri

12.5

0

0

0

0

0

0

0

0

1

4

Ostreococcus lucimarinus

13.2

0

0

0

0

0

0

0

0

1

8

Bathycoccus prasinos

15.1

0

0

0

0

0

0

0

0

1

7

Micromonas sp. RCC299

20.9

1

0

0

0

0

0

0

0

1

13

Chlorophyta

Micromonas pusilla CCMP1545

21.9

0

0

0

0

0

0

0

1

1

13

Chlorella variabilis NC64A

46.0

1

1

0

1

1

1

0

2

1

2

Chlorella sorokiniana

56.8

1

1

0

1

1

1

0

2

1

Draft

Coccomyxa subellipsoidea

48.8

2

1?d

1

0

0

2

0

2

1

3

Chlamydomonas reinhardtii

120.0

3

3

0

3e

0

1

0

1

1

6

Volvox carteri

138.0

2

1

0

1

0

0

0

1

1

10

125.0

10

4

6

4

3

0

2

10

3

12

Streptophyta
Arabidopsis thaliana

a. DNA methyltransferases that cannot be clearly categorized (see text for details).
b. References: 1, Bhattacharya et al., 2013; 2, Blanc et al., 2010; 3, Blanc et al., 2012; 4, Derelle et al., 2006; 5, Matsuzaki et al., 2004; 6, Merchant et al., 2007; 7, Moreau et al.,
2012; 8, Palenik et al., 2007; 9, Price et al., 2012; 10, Prochnik et al., 2010; 11, Schönknecht et al., 2013; 12, Arabidopsis Genome Initiative, 2000; 13, Worden et al., 2009.
c. Total number of genes in the genome encoding a certain factor.
d. ?, predicted protein fairly divergent from canonical model.
e. Includes the chloroplast targeted DMT1 methyltransferase and its putative paralog (see text for details).
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Proteins with conserved SET domains were identified by either BLAST or PSI-BLAST
searches of protein and/or translated genomic DNA databases, using as queries known
Arabidopsis thaliana or Homo sapiens polypeptides containing SET motifs. Since several of
the examined genomes are in draft stage, an important caveat in our analyses is that some
proteins may be missing from the databases whereas others may have errors in the predicted gene structure. However, with few exceptions, we considered as potential homologs
only proteins that exhibited enough sequence similarity to be aligned and used for phylogenetic tree construction. Interestingly, phylogenetic analysis of the extracted SET-domain
proteins revealed that they could be grouped into several distinct classes (see also Huang
et al., 2011), but we examined in detail only KMT1 and KMT6 homologs (Figs. 1 and 2),
following the nomenclature proposed for yeast and metazoan lysine methyltransferases
(Allis et al., 2007).

Figure 1. Maximum likelihood tree showing the phylogenetic relationship among KMT1
proteins. Sequences corresponding to KMT1 proteins from different organisms were
aligned using Muscle, and the tree was drawn using the MEGA v6.06 program. Numbers
indicate bootstrap values, > 60%, based on 1000 pseudoreplicates. Species are designated
by a two- or three-letter abbreviation preceding the name of each protein. At, Arabidopsis
thaliana; Cr, Chlamydomonas reinhardtii; Cs, Chlorella sorokiniana; Csu, Coccomyxa subellipsoidea C-169; Cv, Chlorella variabilis NC64A; Hs, Homo sapiens; Vc, Volvox carteri. Accession
numbers of proteins used to draw the tree are: At-SUVH1 to At-SUVH9, AAK28966 to
AAK28974, respectively; At-SUVH10, NP_178647; Cr-SET3, XP_001701764; Cs-scaffold8.g146
and Cs-scaffold267.g26, from Chlorella sorokiniana draft genomic sequence assembly at the
University of Nebraska–Lincoln; Csu-13194, XP_005649968; Csu-56783, XP_005646116;
Cv-142107, XP_005850072; Cv-53129, XP_005846419; Hs-SUV39H1, NP_001269095;
Vc-Vocar20015146m, XP_002952737. The SMART 7 database was used to identify conserved protein motifs and the domain organization of the proteins is indicated on the right
(see text for details).
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Figure 2. Maximum likelihood tree showing the phylogenetic relationship among KMT6
proteins. Sequences corresponding to KMT6 proteins from different organisms were
aligned using Muscle and the tree was drawn using the MEGA v6.06 program. Numbers
indicate bootstrap values, > 60%, based on 1000 pseudoreplicates. Species are designated
by a two-letter or three-letter abbreviation preceding the name of each protein, as described in the legend to Figure 1, except for: Bp, Bathycoccus prasinos; Cm, Cyanidioschyzon
merolae; Gs, Galdieria sulphuraria; Mp, Micromonas pusilla CCMP1545; Ms, Micromonas sp.
RCC299; Ol, Ostreococcus lucimarinus; Ot, Ostreococcus tauri. Accession numbers of proteins used to draw the tree are: At-CLF, NP_179919; At-MEA, NP_563658; At-SWN,
NP_567221; Bp-12g00510, XP_007509828; Cm-CMQ156C, XP_005538096; Cr-EZH, Cre17.g746247
at http://phytozome.jgi.doe.gov; Cs-scaffold3.g63, from Chlorella sorokiniana draft genomic
sequence assembly at the University of Nebraska–Lincoln; Csu-66410, PID 66410 at
http://genome.jgi.doe.gov/pages/search-for-genes.jsf?organism=Coc_C169_1; Cv-135412,
PID 135412 at http://genome.jgipsf.org/ChlNC64A_1/ChlNC64A_1.home.html; Gs-Gs06840.1,
XP_005708796; Hs-EZH1, NP_001982; Mp-59369, XP_003059747; Ms-63548, XP_002505475;
Ol-19017, XP_001422533; Ot-36516, XP_003082958; Vc-99630, XP_002958369. The SMART
7 database was used to identify conserved protein motifs and the domain organization of
the proteins is indicated on the right (see text for details).

Members of the algal KMT1 class, like animal and plant KMT1 proteins, are likely responsible for H3K9 methylation, an epigenetic mark involved in gene silencing and heterochromatin formation (Casas-Mollano et al., 2007; Krauss, 2008; Bannister and Kouzarides,
2011; Huang et al., 2011). In the examined microalgae, KMT1 homologs appear to be limited to species of the Chlorophyta clade, including organisms in the Trebouxiophyceae
(Chlorella sorokiniana, Chlorella variabilis NC64A, and Coccomyxa subellipsoidea) and Chlorophyceae (Chlamydomonas reinhardtii and Volvox carteri) classes (Table 1 and Fig. 1). Micromonas pusilla CCMP1545 also seems to code for a KMT1-related protein (Table 1). Yet, the
corresponding gene is located in an island of the genome with no detectable homology to
the closely related Micromonas sp. RCC299 (data not shown) and the functional significance
of the encoded protein is currently unclear. Most algal KMT1 proteins show high sequence
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similarity to land plant KMT1 polypeptides, both within the SET domain and in the surrounding regions known as the Pre-SET and Post-SET motifs (Fig. 1). Additionally, all algal
sequences contain an SRA (SET and RING associated) domain (Fig. 1), which recognizes
the methylation status of CG and CHH DNA sequences (where H = A, T, or C) (Rajakumara
et al., 2011). Land plant KMT1 proteins have been reported to fall into several distinct subgroups, indicative of functional diversification (Casas-Mollano et al., 2007; Huang et al.,
2011). However, our phylogenetic analysis suggests that gene duplication and potential
pathway diversification occurred after the divergence of land plants from the lineage leading to green algae (Fig. 1). A phylogenetic tree of KMT6 histone methyltransferases supports a similar conclusion (Fig. 2).
Members of the algal KMT6 class, like animal and plant KMT6 proteins, are likely responsible for H3K27 methylation and putative components of the evolutionarily conserved
Polycomb Repressive Complex 2 (Shaver et al., 2010; Bannister and Kouzarides, 2011;
Huang et al., 2011; Derkacheva and Hennig, 2014). Within the examined microalgae, KMT6
homologs appear to be widely distributed (Table 1 and Fig. 2). Only the Glaucophyta clade
seems to lack this type of histone methyltransferases, with the caveat that the draft genome
of Cyanophora paradoxa may be incomplete, and this observation may have to be revisited
upon genome completion and/or the sequencing of additional species in the clade. Most
algal KMT6 polypeptides show high sequence similarity to land plant KMT6 proteins, particularly within the SET domain (Fig. 2). Additionally, almost all algal sequences contain a
specific CXC motif (Fig. 2), an ~65-residue cysteine-rich region that has been implicated in
DNA binding and shows structural homology to Pre-SET domains (Zheng et al., 2012).
However, with two exceptions, algal KMT6 proteins lack the SANT (SWI3, ADA2, N-CoR,
and TFIIIB DNA-binding) motif that is found in most land plant homologs (Huang et al.,
2011). Overall our findings are consistent, as previously suggested (Shaver et al., 2010),
with widespread distribution of KMT6 methyltransferases within algal lineages.
2.2. Biological role(s) of H3K9 and H3K27 methylation
By analogy to their function in higher eukaryotes (Casas-Mollano et al., 2007; Krauss, 2008;
Shaver et al., 2010; Bannister and Kouzarides, 2011; Huang et al., 2011; Derkacheva and
Hennig, 2014), these post-translational histone modifications are likely involved in transcriptional repression in microalgae. Yet, experimental evidence is almost entirely lacking.
To our knowledge, direct determination of H3K9 and H3K27 methylation has only been
carried out in C. reinhardtii. This alga contains mono- and trimethylated H3K9 as well as
mono- and dimethylated H3K27 (Casas-Mollano et al., 2007; Shaver et al., 2010). Additionally, high levels of H3K9 monomethylation have been found associated with transcriptionally repressed transgenes (Casas-Mollano et al., 2007; Strenkert et al., 2013). Interestingly,
RNAi-mediated suppression of Chlamydomonas SET3, a KMT1 methyltransferase (Fig. 1),
reactivated the expression of silenced repetitive transgenic arrays (Casas-Mollano et al.,
2007).
RNAi-mediated suppression of Chlamydomonas EZH, a KMT6 methyltransferase (Fig.
2), also led to defects in the silencing of transgenes and retrotransposons as well as to a
global increase in histone post-translational modifications associated with transcriptional
activity, such as trimethylation of histone H3 lysine 4 and acetylation of histone H4 (Shaver
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et al., 2010). Intriguingly, a C. variabilis NC64A virus, Paramecium bursaria chlorella virus 1
(PBCV-1), has been shown to encode a KMT6 protein, termed vSET, that might be linked
to the rapid inhibition of host transcription after viral infection (Wei and Zhou, 2010). In a
heterologous system, vSET causes H3K27 methylation and transcriptional repression (Mujtaba et al., 2008; Wei and Zhou, 2010). These observations, taken together, are consistent
with a role of H3K9 and H3K27 methylation in gene silencing in microalgae, possibly as a
means to suppress intragenomic parasites such as transposable elements, as well as in hostvirus interactions. However, H3K27 methyltransferases appear to have a much broader
taxonomic distribution than H3K9 methyltransferases (Table 1), perhaps implicating proteins of the KMT6 class in a more essential, evolutionarily conserved regulatory role(s).
Nevertheless, assessing the potential involvement of posttranslational histone modifications in specific gene or pathway regulation in microalgae, as demonstrated in land plant
and animals (Bannister and Kouzarides, 2011; Derkacheva and Hennig, 2014), will require
further studies.
3. DNA cytosine methyltransferases in microalgae
3.1. Phylogenetic analysis and domain organization of DNA methyltransferases
The DNA of a vast array of organisms contains the modified base 5-methylcytosine, but
genomes are methylated in different ways and with different consequences in diverse species (Feng et al., 2010; Zemach et al., 2010; Law and Jacobsen, 2010; Huff and Zilberman,
2014). Introduction of a methyl group at the C5 position of cytosine is catalyzed by a large
family of DNA methyltransferases, including six subfamilies characterized by catalytic domains associated with N-terminal or C-terminal extensions containing distinct motifs (Goll
and Bestor, 2005; Ponger and Li, 2005; Huff and Zilberman, 2014). In land plants, DNA
cytosine methylation can occur in three sequence contexts namely CG, CHG, and CHH
(where H = A, T, or C) and three DNA methyltransferase subfamilies have been implicated
in the establishment and/or maintenance of methylation at these sequences (Goll and Bestor, 2005; Law and Jacobsen, 2010). CG methylation is maintained by the Dnmt1/MET1
subfamily of DNA methyltransferases, CHG methylation is mediated by the plant-specific
chromomethylases (CMTs), and CHH methylation is introduced by the Dnmt3/DRM (Domains Rearranged Methyltransferase) enzymes (Goll and Bestor, 2005; Law and Jacobsen,
2010; Zhong et al., 2014). Interestingly, in a clear interplay between silencing mechanisms,
chromomethylases appear to be targeted to chromosomal regions with H3K9 methylated
nucleosomes via their bromo adjacent homology (BAH) and chromo domains (Du et al.,
2012), whereas DRMs seem to be guided to target loci by small RNAs and certain components of the RNAi machinery (Law and Jacobsen, 2010; Zhong et al., 2014).
The presence of Dnmt1/MET1, CMT, and Dnmt3/DRM polypeptides was examined in
the 14 microalgae with sequenced genomes belonging to the Archaeplastida super group,
using as queries known A. thaliana or H. sapiens polypeptides (Table 1). Homologs of
Dnmt3/DRM enzymes, which have been implicated in de novo DNA methylation (Goll
and Bestor, 2005; Ponger and Li, 2005; Law and Jacobsen, 2010), were found only in the red
algae Galdieria sulphuraria and Cyanidioschyzon merolae (Table 1) and with a structural organization similar to the vertebrate enzymes (data not shown), whereas chromomethylase-
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related methyltransferases appear to be restricted to the genus Chlorella (Table 1). Dnmt1/
MET1 homologs were identified in species of the Trebouxiophyceae (C. sorokiniana and C.
variabilis) and Chlorophyceae (C. reinhardtii and V. carteri) classes (Table 1 and Fig. 3). The
algal Dnmt1/MET1 proteins show high sequence similarity to the land plant polypeptides
in the DNA methyltransferase catalytic domain. Additionally, all these algal sequences
contain N-terminal extensions with conserved DNMT-RFD (DNA methyltransferase replication foci domain) and BAH domains (Fig. 3), as observed in the canonical enzyme (Goll
and Bestor, 2005; Ponger and Li, 2005).

Figure 3. Maximum likelihood tree showing the phylogenetic relationship among
Dnmt1/MET1 proteins. Sequences corresponding to the DMTase domain from different
organisms were aligned using Muscle, and the tree was drawn using the MEGA v6.06
program. Numbers indicate bootstrap values, > 60%, based on 1000 pseudoreplicates. Species are designated by a two-letter or three-letter abbreviation preceding the name of each
protein, as described in the legend to Figure 1. Accession numbers of proteins used to
draw the tree are: At-MET1, NP_199727; At-DMT1, NP_192638; At-MET2, NP_001190725;
At-MEE57, NP_193097; Cr-Cre10.g461750, Cr-Cre06.g249350-cp, and Cr-Cre06.g249500cp, Cre10.g461750, Cre06.g249350, and Cre06.g249500 at http://phytozome.jgi.doe.gov;
Cs-scaffold89.g111, from Chlorella sorokiniana draft genomic sequence assembly at the
University of Nebraska–Lincoln; Cv-49846, PID 56675 at http://genome.jgi-psf.org/
ChlNC64A_1/ChlNC64A_1.home.html; Hs-DNMT1, NP_001370; Vc-MET1, Vocar20014971m
at http://phytozome.jgi.doe.gov. The SMART 7 database was used to identify conserved
protein motifs and the domain organization of the proteins is indicated on the right (see
text for details).

Interestingly, C. reinhardtii contains two additional Dnmt1/MET1 related polypeptides,
with high degree of homology to the catalytic domain but lacking conserved motifs in the
N-terminal regions (Fig. 3). One of these proteins, termed DMT1, has been characterized
as a novel DNA methyltransferase with de novo nonselective cytosine methylation activity
(Nishiyama et al., 2004). Moreover, it has been shown to localize to Chlamydomonas chloroplasts and to influence plastid DNA methylation and the uniparental inheritance of chloroplast genes (Nishiyama et al., 2004). Unexpectedly, in several microalgae, we also found
putative DNA methyltransferases that cannot be clearly categorized (Table 1, Others).
These predicted proteins contain DNA methyltransferase catalytic domains somewhat related to those of the Dnmt1/MET1 or the CMT subfamilies, but they lack either N-terminal
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extensions or conserved domains in the N-terminal extensions. If correctly predicted and
functional, some of these enzymes might be responsible for DNA methylation patterns or
processes unique to microalgae (see below).
3.2. Biological role(s) of DNA cytosine methylation
Methylation of the fifth carbon of cytosine is a widespread modification present in bacteria,
archaea, and eukaryotes (Feng et al., 2010; Zemach et al., 2010; Huff and Zilberman, 2014).
However, methylation of cytosine residues has not been detected in several model organisms such as Saccharomyces cerevisiae, Schizosaccharomyces pombe, and C. elegans (Capuano
et al., 2014), suggesting that this modification is not essential for eukaryotic life. Interestingly, some of the examined microalgae lack clearly identifiable homologs of Dnmt1/MET1,
CMT, and Dnmt3/DRM methyltransferases (Table 1), but it is not certain that they are devoid of DNA cytosine methylation. For instance, the Prasinophyte algae (Ostreococcus lucimarinus, Bathycoccus prasinos, and M. pusilla CCMP1545) contain highly diverged DNA
methyltransferases of the Dnmt5 subfamily and exhibit genomic CG methylation (Huff
and Zilberman, 2014). In land plants or mammals, DNA cytosine methylation is often associated with the transcriptional silencing of transposable elements, repetitive DNA sequences, and some protein-coding genes, and plays a critical role in genomic imprinting,
X-chromosome inactivation, and chromosome stability (Feng et al., 2010; Law and Jacobsen, 2010). Gene body methylation is also highly conserved even though its precise function(s) remains an open question (Feng et al., 2010; Zemach et al., 2010; Huff and
Zilberman, 2014). In contrast to this wealth of information, the role(s) of DNA cytosine
methylation in microalgae is still poorly understood.
Advances in sequencing technologies have enabled profiling of the genome methylation
patterns of multiple species, including the microalgae C. variabilis NC64A, V. carteri, and
C. reinhardtii (Feng et al., 2010; Zemach et al., 2010). In C. variabilis, genes are universally
CG methylated, mostly within their bodies with a sharp drop at the promoters (Zemach et
al., 2010). Interestingly, promoter methylation is inversely correlated with gene expression
suggesting that, when it occurs, promoter-proximal methylation represses transcription.
CHG methylation is also substantial but, similarly to land plants, concentrated in repetitive
(presumably transposon) sequences and excluded from genes (Zemach et al., 2010). In contrast, the V. carteri genome is methylated to a much lower degree and exclusively in the
CG context. Transposons and repeats are preferentially methylated but a weak negative
relationship between promoter methylation and gene transcription was also observed
(Zemach et al., 2010). In Volvox, DNA methylation had previously been implicated in the
transcriptional silencing of introduced transgenes and a MET1-like methyltransferase was
suggested to be involved in the maintenance of transgene and transposon methylation (Babinger et al., 2007).
In C. reinhardtii, DNA cytosine methylation was initially observed in chloroplast DNA
during gametogenesis and implicated in the uniparental inheritance of mating type plus
chloroplast DNA (Umen and Goodenough, 2001; Nishiyama et al., 2004). Recent findings
indicated that the nuclear genome of this alga is also methylated at low levels and, similarly to Volvox, CG methylation is preferentially enriched in transposon sequences and to
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a much lower degree in gene bodies (Feng et al., 2010). Intriguingly, CHG and CHH methylation was also observed uniformly along chromosomes and showed little enrichment in
transposons or repeats (Feng et al., 2010). However, Chlamydomonas does not appear to
contain CMT or Dnmt3/DRM homologs (Table 1 and Feng et al., 2010) and the methyltransferase(s) responsible for the later modifications has not been characterized. DNA
methylation has also been implicated in the transcriptional silencing of introduced
transgenes, particularly tandem repeats, in Chlamydomonas (Cerutti et al., 1997).
Collectively, the evidence suggests that, as in land plants and vertebrates, preferential
DNA cytosine methylation of transposable elements and gene bodies has been conserved
in some microalgae (Feng et al., 2010; Zemach et al., 2010). The methylation of transposons
likely suppresses transcription and ensuing self-replication preserving genome integrity.
Additionally, DNA methylation in promoters correlates negatively with gene expression
in a subset of microalgae (Zemach et al., 2010), but it is not known whether certain protein
genes are regulated by this modification. The pattern of genomic DNA methylation and
the complement of DNA methyltransferases in species of the genus Chlorella, except for
the lack of a Dnmt3/DRM homolog (Table 1), are similar to those in land plants. In contrast,
C. reinhardtii and V. carteri methylate preferentially transposable elements but predominantly in the CG (rather than the CHG/CHH) context and presumably by a somewhat different mechanism from that in land plants given the divergence in DNA
methyltransferases (Table 1). Additionally, O. lucimarinus, M. pusilla, and B. prasinos, which
possess DNA methyltransferases of the diverged Dnmt5 subfamily, exhibit densely clustered CG methylation in nucleosome linkers, possibly contributing to nucleosome positioning and proper chromatin compaction in very small nuclei (Huff and Zilberman, 2014).
Thus, the distribution and function(s) of DNA cytosine methylation in microalgae appear
to be highly varied, making it difficult to extrapolate knowledge from well-characterized
model systems as to its possible role(s) in the regulation of gene expression.
4. The RNA interference machinery in microalgae
4.1. Phylogenetic analysis and domain organization of core components of the RNAi machinery
Biochemical and genetic studies in multiple eukaryotes resulted in the identification of
three key components of the RNAi machinery, namely Dicer, Argonaute-Piwi (AGO-Piwi),
and RNA-dependent RNA Polymerase (RDR) (Cerutti and Casas-Mollano, 2006; Carthew
and Sontheimer, 2009; Meister, 2013; Burroughs et al., 2014). In the best-characterized
RNAi pathway, a variety of double-stranded RNA (dsRNA) precursors are processed into
small RNAs (sRNAs) by the RNaseIII-like endonuclease Dicer (Cerutti and Casas-Mollano,
2006; Carthew and Sontheimer, 2009; Rogers and Chen, 2013). These sRNAs are then incorporated into effector complexes, which include members of the AGO-Piwi family of
proteins named after A. thaliana ARGONAUTE1 and Drosophila melanogaster Piwi (Cerutti
and Casas-Mollano, 2006; Meister, 2013; Burroughs et al., 2014). AGO-Piwi proteins act as
highly specialized small-RNA-binding modules. Based on structural studies, they are characterized by amino-terminal (N-terminal), PAZ (Piwi, Argonaute, Zwille), MID (middle)
and PIWI domains, the latter being related to RNase H (Carthew and Sontheimer, 2009;
Meister, 2013; Burroughs et al., 2014). Some AGO-Piwi polypeptides function as sRNA-
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guided endonucleases that cleave complementary transcripts, whereas others lack endonucleolytic activity and may be part of complexes involved in nondegradative RNAi mechanisms such as translation repression (Cerutti and Casas-Mollano, 2006; Carthew and
Sontheimer, 2009; Meister, 2013; Rogers and Chen, 2013). In certain species, RDRs also play
an important role in RNAi, either by producing an initiating dsRNA trigger from singlestranded transcripts or by enhancing the RNAi response through amplification of the
sRNA amount (Cerutti and Casas-Mollano, 2006; Burroughs et al., 2014).
The presence of Dicer, AGO-Piwi, and RDR polypeptides was examined in the 14 microalgae with sequenced genomes belonging to the Archaeplastida super group (Table 1).
As previously reported (Cerutti and Casas-Mollano, 2006; Cerutti et al., 2011), core RNAi
machinery components seem to be entirely absent from several algae with small nuclear
genomes such as the red algae C. merolae and G. sulphuraria and the green algae O. lucimarinus, Ostreococcus tauri, B. prasinos, and M. pusilla CCMP1545 (Table 1). Micromonas sp.
RCC299 appears to code for an AGO-Piwi related protein (Table 1). Yet, the corresponding
gene is located in a region of the genome with no detectable homology to the closely related
M. pusilla CCMP1545 (data not shown), and it is not clear if the encoded protein is actually
functional. These observations are consistent with the hypothesis that the RNAi machinery
appeared early during eukaryotic evolution and it has been lost independently in multiple
lineages (Cerutti and Casas-Mollano, 2006; Cerutti et al., 2011). As a consequence, RNAi
machinery components are present in algal species of each of the Glaucophyta, Rhodophyta, and Chlorophyta clades but with patchy distribution (Table 1).
AGO-Piwi proteins can often be identified in microalgae that also contain Dicer-like
proteins (Table 1) and the domain organization of AGO-Piwi polypeptides has been well
conserved in these species (Fig. 4). In contrast, the multidomain structure of the Dicer enzymes of higher eukaryotes is not well maintained among protists (Cerutti and CasasMollano, 2006) and an RNaseIII motif might be all that is strictly required for function
(Cerutti and Casas-Mollano, 2006; Patrick et al., 2009). RDR-related proteins are structurally conserved but, consistent with an ancillary role in typical RNAi (Cerutti and CasasMollano, 2006), they appear to have a fairly limited taxonomic distribution among the examined microalgae (Table 1). Intriguingly, the glaucophyte C. paradoxa only seems to contain an RDR protein, but its incomplete genome prevents a definitive assessment of the
RNAi machinery components. Conversely, the red alga Porphyridium purpureum and, possibly, the green alga C. subellipsoidea encode all three core components of the RNAi machinery (Table 1), although the putative Coccomyxa Dicer is highly diverged (data not
shown). In addition, AGO-Piwi encoding genes have undergone duplication in several microalgae (Fig. 4), perhaps associated with diversification of functions as reported in land
plants and metazoans (Casas-Mollano et al., 2008; Ghildiyal and Zamore, 2009; Meister,
2013).
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Figure 4. Maximum likelihood tree showing the phylogenetic relationship among Argonaute proteins. Sequences corresponding to AGO-Piwi proteins from different organisms
were aligned using Muscle and the tree was drawn using the MEGA v6.06 program.
Numbers indicate bootstrap values, > 60%, based on 1000 pseudoreplicates. Species are
designated by a two-letter or three-letter abbreviation preceding the name of each protein,
as described in the legends to Figures 1 and 2, except for: Pp, Porphyridium purpureum.
Accession numbers of proteins used to draw the tree are: At-AGO1, NP_849784; At-AGO2,
NP_174413; At-AGO3, NP_174414; At-AGO4, NP_001189613; At-AGO5, NP_850110; AtAGO6, NP_180853; At-AGO7, NP_177103; At-AGO8, NP_197602; At-AGO9, NP_197613;
At-AGO10, NP_199194; Cr-AGO1, Cr-AGO2, and Cr-AGO3, Cre02.g141050, Cre04.g214250,
and Cre04.g689647 at http://phytozome.jgi.doe.gov; Cs-scaffold52.g31, from Chlorella sorokiniana draft genomic sequence assembly at the University of Nebraska–Lincoln; Csu56022 and Csu-56024, PID 56022 and PID 56024 at http://phytozome.jgi.doe.gov; Cv134979, PID 134979 at http://genome.jgi-psf.org/ChlNC64A_1/ChlNC64A_1.home.html;
Hs-AGO1, NP_03633; Ms-113410, PID 113410 at http://phytozome.jgi.doe.gov; Vc-Vocar
20011215m.g and Vc-Vocar20001549m.g, Vocar20011215m and Vocar20001549 at http://
phytozome.jgi.doe.gov; Pp-contig-4532.2, Pp-contig-2082.8, and Pp-contig-3453.6, evm.model
.contig_4532.2, evm.model.contig_2082.8, and evm.model.contig_3453.6 at http://cyanophora.rutgers.edu. The SMART 7 database was used to identify conserved protein motifs
and the domain organization of the proteins is indicated on the right (see text for details).

In many eukaryotes, at least two major classes of small RNAs have been recognized:
microRNAs (miRNAs) and small interfering RNAs (siRNAs) (Bartel, 2009; Ghildiyal and
Zamore, 2009; Axtell, 2013; Rogers and Chen, 2013). MicroRNAs often modulate gene expression and originate from endogenous, single-stranded noncoding RNA transcripts or
introns that fold into imperfect hairpin structures (Bartel, 2009; Ghildiyal and Zamore,
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2009; Axtell, 2013; Rogers and Chen, 2013). siRNAs are produced from long, near-perfect
complementarity dsRNAs of diverse origins (including dsRNAs experimentally introduced into cells) and play various roles in post-transcriptional regulation of gene expression, suppression of viruses and transposable elements, DNA methylation, and/or
heterochromatin formation (Cerutti and Casas-Mollano, 2006; Carthew and Sontheimer,
2009; Ghildiyal and Zamore, 2009; Axtell, 2013; Rogers and Chen, 2013). The occurrence of
small RNAs, potentially generated by Dicer-mediated processing, has been examined in
very few of the sampled algal species. C. reinhardtii has been shown to contain a complex
set of endogenous sRNAs including miRNAs, phased siRNAs, as well as siRNAs originating from transposons and repeated DNA regions (Molnar et al., 2007; Zhao et al., 2007;
Yamasaki et al., 2013; Voshall et al., 2014). Likewise, V. carteri has been demonstrated to
possess miRNAs, many of them being preferentially enriched in either gonidia or somatic
cells (Li et al., 2014). Interestingly, there appears to be little conservation of miRNA genes
among algal species or with those encoded in the genomes of land plants or animals (Cerutti et al., 2011; Li et al., 2014; Voshall et al., 2014).
4.2. Biological role(s) of RNA interference
The presence of core components of the RNAi machinery and of endogenous miRNAs/siRNAs
in certain microalgae suggest that RNA-mediated silencing may play a biological role(s) in
these organisms. However, it is also apparent that the RNAi machinery seems to be dispensable for cellular life since it has been entirely lost or extensively modified in several
species. In a wide range of eukaryotes, sRNA-mediated mechanisms have been implicated
in multiple processes including transposon silencing, resistance to viruses, regulation of
endogenous gene expression, heterochromatin formation, DNA methylation, DNA repair,
and maintenance of genome stability (Cerutti and Casas-Mollano, 2006; Carthew and Sontheimer, 2009; Ohsawa et al., 2013; Rogers and Chen, 2013; Oliver et al., 2014; Zhong et al.,
2014). In contrast, very little is known about the actual function(s) of RNA-mediated silencing in microalgae.
C. reinhardtii has undergone duplication of key RNAi components (Casas-Mollano et al.,
2008) and contains three Dicers and three Argonautes (Table 1). One of the Dicer proteins,
DCL1, appears to be part of a siRNA pathway that has specialized for the control of transposable elements (Casas-Mollano et al., 2008). However, C. reinhardtii also relies on a
DCL1-independent, transcriptional silencing mechanism(s) for transposon repression
(Casas-Mollano et al., 2007; Shaver et al., 2010). Interestingly, this chromatin-mediated silencing is sensitive to temperature, being much more effective at 17°C than at 25°C (Cerutti
et al., 1997). Conversely, RNAi dependent post-transcriptional gene repression has been
shown to be more efficient at 25–29°C in both invertebrates and land plants (Fortier and
Belote, 2000; Szittya et al., 2003). Thus, it is tempting to speculate that in C. reinhardtii, multiple, partly independent silencing mechanisms may operate to suppress reliably transposon mobilization over a wide range of environmental conditions (Casas-Mollano et al.,
2008; Cerutti et al., 2011). In C. variabilis NC64A recent transcriptome analyses revealed
that components of certain RNA-silencing pathways are up regulated after infection with
the PBCV-1 virus (Rowe et al., 2013). Thus, the limited available evidence does suggest that
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RNAi is involved in defense responses against transposable elements and, possibly, viruses in some microalgae.
In higher eukaryotes, RNAi also plays an important role in the regulation of endogenous gene expression through miRNAs and other small RNAs (Bartel, 2009; Ghildiyal and
Zamore, 2009; Axtell, 2013; Rogers and Chen, 2013). Within the examined microalgae, candidate miRNAs have been experimentally identified in C. reinhardtii (Molnar et al., 2007;
Zhao et al., 2007; Yamasaki et al., 2013; Voshall et al., 2014) and in V. carteri (Li et al., 2014),
and potential endogenous targets have been predicted by computational approaches
(Molnar et al., 2007; Zhao et al., 2007; Li et al., 2014; Voshall et al., 2014). However, target
gene identification is a challenging problem (Thomas et al., 2010; Voshall et al., 2014) and
the false-positive prediction rate for miRNA targets in microalgae is currently unknown.
Interestingly, most characterized land plant miRNAs appear to regulate transcripts with
highly complementary binding sites and preferentially trigger their endonucleolytic cleavage by Argonaute proteins (Bartel, 2009; Axtell, 2013; Rogers and Chen, 2013). This also
appears to be the case for some miRNAs in both C. reinhardtii and V. carteri, where expected
target RNA cleavage products have been experimentally detected (Molnar et al., 2007;
Zhao et al., 2007; Li et al., 2014; Voshall et al., 2014). Yet, very few of the reported Chlamydomonas or Volvox miRNAs have identifiable targets with near perfect complementarity (Molnar et al., 2007; Li et al., 2014; Voshall et al., 2014) and recent evidence suggests
that miRNA regulation of transcript expression in Chlamydomonas may operate, at least
for certain targets, by translation repression (Ma et al., 2013; Yamasaki et al., 2013; Voshall
et al., 2014).
In summary, the RNA interference mechanism appears to be entirely absent from some
microalgae and its biological role(s) in the species that possess core RNAi machinery components is poorly understood. Limited evidence suggests that a siRNA pathway may operate as a defense mechanism against transposon mobilization and, possibly, in antiviral
immunity. A miRNA pathway, when present, may contribute to endogenous gene regulation. However, the identification of genuine miRNA targets remains challenging and, to
date, no specific metabolic or physiological process controlled or modulated by miRNAs
has been clearly defined in microalgae. Other possible functions of RNAi in phenomena
such as heterochromatin formation, DNA methylation, DNA repair, or maintenance of genome stability, to our knowledge, have not been explored in these aquatic organisms.
5. Gene silencing mechanisms and biofuel/biomaterial production
Algae exhibit the potential for manufacturing a wide range of biofuel precursors and bioproducts, and advances in algal genomics, genetic engineering, and synthetic biology may
facilitate the development of industrial strains suitable to specific production purposes.
However, a serious limitation to strain improvement is our incomplete understanding of
gene and metabolic network regulation in most algal species. In many eukaryotes, genesilencing mechanisms have been implicated in context-dependent reversible gene repression, a critical component of gene networks involved in stress responses and in developmental programs (Law and Jacobsen, 2010; Bannister and Kouzarides, 2011; Ohsawa et al.,
2013; Derkacheva and Hennig, 2014). Interestingly, most microalgae accumulate biofuel-
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precursor compounds, such as starch and triacylglycerols (TAGs), primarily under stress
conditions (Hu et al., 2008; Radakovits et al., 2010; La Russa et al., 2012; Liu and Benning,
2013). Transcriptome analyses in C. reinhardtii (reviewed by Liu and Benning, 2013) have
revealed that a subset of genes involved in TAG biosynthesis, such as those encoding certain acyl-CoA: diacylglycerol acyltransferases, display greatly enhanced or almost exclusive expression in nitrogen-deprived cells. These observations suggest that gene-silencing
mechanisms may indeed be involved in modulating metabolic responses to stress in microalgae. Specific genes for storage compound biosynthesis appear to be repressed under
normal environmental conditions, when they may not be needed, and activated primarily
under a variety of stresses. Yet, to our knowledge, direct evidence for a role(s) of epigenetic
silencing mechanisms in microalgal gene regulation is currently missing.
Notwithstanding its endogenous role, RNA interference also provides a tool for functional genomic analyses in microalgae (reviewed by Cerutti et al., 2011). In some species,
transient gene repression has been achieved by introduction into algal cells of non-integrative dsRNA/sRNA producing plasmids or of exogenously synthesized dsRNAs/sRNAs
(Cerutti et al., 2011; Gimpel et al., 2013). In microalgae with available genome transformation methodologies stable and heritable RNAi has been developed, relying generally on
the production of hairpin dsRNAs or artificial microRNAs from genome-integrated
transgenes (Radakovits et al., 2010; Cerutti et al., 2011; Gimpel et al., 2013; Liu and Benning,
2013). These approaches have been used to suppress endogenous gene expression in microalgae, in order to characterize functionally genes involved in lipid metabolism (Gimpel
et al., 2013; Liu and Benning, 2013) as well as to engineer algal strains with altered traits
for biotechnological purposes, such as optimizing antenna size to improve light utilization
and photosynthetic efficiency (Gimpel et al., 2013). RNAi technology (Cerutti et al., 2011),
in conjunction with system level ‘omics’ approaches, may contribute much-needed insight
into gene function, metabolic pathways, and regulatory networks in microalgae, as well as
provide a valuable tool for the genetic engineering of enhanced traits.
6. Conclusion and perspective
Microalgae exhibit the potential for manufacturing biofuel precursors and a range of valuable bioproducts. However, a serious limitation to rational strain improvement is our incomplete understanding of gene function and regulation in most species. Gene-silencing
mechanisms appear to be widespread in the Archaeplastida microalgae, including posttranslational histone modifications, DNA methylation, and small RNA directed pathways.
Yet, there also appears to be great diversity in the silencing systems present in individual
algal species. Future challenges will involve defining whether these epigenetic processes
regulate storage compound metabolic networks and developing improved tools for the
genetic engineering of production strain.
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